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Abstract 
The combined effects of ATP concentration and ionic strength were studied in an actomyosin i  vitro motility assay 
using skeletal and cardiac myosin. The velocity of actin filaments increased up to a critical ionic strength, at which filament 
sliding stopped. At or above the critical ionic strength, filaments did not slide, but wiggled while focally attached to the 
surface. At these high ionic strengths, when the ATP concentration (originally 1 raM) was progressively reduced (down to 
submicromolar levels) by rigor-solution washes, the stationary, wiggling actin filaments promptly started to slide. The effect 
was reversible; upon adding ATP again, the sliding movement stopped, and wiggling began. The ATP washout-induced 
motility at high ionic strength may be explained by an electrostatic mechanism which determines the affinity of myosin to 
actin. The critical ionic strength was different for skeletal and cardiac myosin. For skeletal it was 77 mM, while for cardiac 
it was only 57 mM. Cardiac myosin's lower critical ionic strength implies a lower affinity to actin. 
Keywordv: Motility, in vitro; Actomyosin interaction; Ionic strength; ATP 
1. Introduction 
It has long been known that ionic strength has 
profound effects on actomyosin interaction [1-9]. 
Increasing ionic strength results in the dissociation of 
actin from myosin, possibly due to a change in the 
net electric charge of the myosin molecule [10-12]. 
Nucleotide (ATP, ADP) binding to myosin has also 
been known to affect the binding of actin to myosin, 
resulting in a decreased affinity of actin for the 
nucleotide-bound myosin [11,12]. Recent studies have 
shown that nucleotide binding to themyosin molecule 
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or to the myosin head (subfragment-1) also results in 
a change of the net electric charge of the molecule: 
upon nucleotide binding the net charge decreases 
[10-12]. The change in myosin's net charge occurs at 
nucleotide concentrations too low to affect the ionic 
strength of the solution significantly. Therefore, the 
charge change has been proposed to be due to a 
conformational change of myosin upon nucleotide 
binding [11]. 
The above observations imply that both ionic 
strength and nucleotide significantly influence the 
interaction of actin and myosin in the in vitro motility 
assay. Indeed, filament velocity has been shown to 
increase with increasing ionic strength [13-15], up to 
about 60 mM (KC1 concentration), where filament 
movement stops. Above the critical KC1 concentra- 
tion of 60 mM (100 mM for S-l) filaments do not 
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translate over the myosin (or HMM or S-1)-coated 
surface; they either remain in place or detach from 
the surface [15], unless methylcellulose is added to 
inhibit the Brownian movement of the filaments [16]. 
Normal filament sliding has been noted to occur 
above the critical KC1 concentration (up to 75 mM) 
at a lowered concentration (100 ~M) of ATP [17], 
suggesting that a change in the nucleotide level small 
enough not to alter ionic strength may indeed lead to 
profound changes in the association of actin and 
myosin. 
The aim of this work was to explore in the in vitro 
motility assay the relationship between ATP concen- 
tration and ionic strength. In particular, we investi- 
gated whether, above the critical ionic strength, 
actin-fitament movement can be rescued by reducing 
the ATP concentration. Further, we compared skele- 
tal and cardiac myosins in their response to ionic- 
strength and ATP-concentration changes. Preliminary 
results of this work has been presented in the form of 
abstract [ 18]. 
2. Materials and methods 
2.1. Preparation of proteins 
Skeletal myosin was prepared from rabbit accord- 
ing to a procedure used by Kellermayer et al. [19]. 
Cardiac myosin was prepared from bovine heart ob- 
tained from fresh slaughter using a procedure identi- 
cal to the one used for skeletal myosin. Skeletal actin 
was prepared from rabbit back muscle by the method 
of Pardee and Spudich [20]. F-Actin was fluores- 
cently labelled with molar excess of tetramethyl- 
rhodamine-isothiocyanate-phalloidin (TRITC-Ph, 
Sigma). Purity of the protein preparations was 
checked using electrophoresis. SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE) was performed ac- 
cording to Laemmli [21] using a 10% gel. Sigma 
SDS-6H kit was used as molecular mass standard. 
2.2. In vitro motility assay 
The in vitro motility assay was performed accord- 
ing to Kron et al. [22]. The microchamber design is 
described by Kellermayer et al. [19]. Temperature in
the microchamber was adjusted with the help of a 
temperature-controlled microscope stage and a tem- 
perature-controlled oil-immersion objective. The mi- 
croscope-stage temperature was adjusted by a Peltier 
thermoelectric device, while the objective tempera- 
ture by a copper coil wrapped around the objective. 
Water in the coil was circulated by heating/cooling 
thermostat. As a result, the temperature in the mi- 
crochamber could be maintained with a precision of 
_+ 0.2°C. Experiments were carried out at 37°C. Fluo- 
rescent actin filaments were visualized in a Zeiss 
Axiovert 35 epifluorescence microscope. A mi- 
crochannel plate-intensified CCD camera (Electro- 
Optical Services, Charlotte, VA) was used for image 
detection. Images were recorded with a Sony CCD- 
V5000 high bandwidth 8 mm video camera recorder 
(Hi8 VCR) with a built-in full-frame time base cor- 
rector. The VCR was controlled by an Apple Macin- 
tosh IIfx computer using ColorImage 1.32 (NIH, 
Bethesda, MD) program via a LANC (Local Applica- 
tion Control) cable (Abbate Video, Norfolk, MA). 
Time code was generated by an SMPTE time code 
generator (ESE, E1 Segundo, CA). Video frames 
were digitized by a QuickCapture frame grabber board 
for the Macintosh (DataTranslation, Marlboro, MA). 
Actin-filament velocity was measured using the 
movie-parameterization algorithm of the Colorlmage 
1.32 program. Coordinates of filament positions were 
measured as a function of time, and the mean fila- 
ment velocity was subsequently calculated. We fol- 
lowed either the front or the trailing filament end in 
the case of long filaments (> 3 /xm), and the cen- 
troid in the case of short ones. 
2.3. Solution exchange 
Myosin (skeletal or cardiac), at a concentration of
50 /xg/ml, was added to a flow-through microcham- 
ber. After blocking the non-specific binding sites 
with 0.5 mg/ml  bovine serum albumin (BSA), fluo- 
rescent actin filaments were added. Skeletal actin was 
used throughout the experiments. Unbound actin fila- 
ments were washed out with BSA-containing buffer. 
Subsequently, ATP was added at a concentration f 1 
mM, and the moving actin filaments observed. After 
30 s the microchamber was washed with rigor solu- 
tion to reduce the concentration f ATP. The ratio of 
the volumes of the washing solution and microcham- 
ber was 10 to 1. The washing of the microchamber 
was repeated up to three times. During this proce- 
dure, the velocity of actin filaments was monitored. 
Ionic strength (F /2 )  of the solutions was adjusted 
by varying the KC1 concentration, and calculated by 
using the program of Fabiato [23]. The composition 
of the 0-KC1 solution was: 25 mM imidazole-HCl 
(pH 7.4), 4 mM MgC12, 1 mM EGTA, 1 mM DTT, 
with an oxygen scavenger enzyme system added [24]. 
2.4. Chemicals 
When cardiac myosin was used instead of skeletal, 
the results were quantitatively different. In the ab- 
sence of KC1 ( [ ' /2  = 17 mM), filaments moved at a 
rate 4- to 5-times lower than with skeletal myosin 
(0.4 /zm/s, _+0.1, n = 12). Upon increasing ionic 
strength, actin movement became faster, reaching a 
peak at 42 mM (Fig. lb). Wiggling during sliding 
began to appear at an ionic strength as low as 42 
3. Results 
All chemicals were of reagent grade. Special qual- 
ity ATP from Boehringer Mannheim (Indianapolis, 
IN, stock no. 519 987) was used. ATP concentration 
was adjusted by dilution from a 300 mM ATP stock 
solution prepared as described by Kellermayer et al. 
[19]. 
1.2 
3.1. Effect of ionic strength at 1 mM ATP 
Using skeletal myosin at 1 mM ATP, we observed 
that actin filaments moved with a velocity of 1.8 
p,m/s (_+0.5, n = 10) in the absence of KC1 (I"/2 
= 17 mM). Upon increasing the ionic strength, veloc- 
ity increased (Fig. la). It reached a maximum of 4.9 
/zm/s (_+0.9, n = 10) at 67 mM. At higher ionic 
strength, sliding movement diminished sharply and 
sliding was no longer observed. These measurements 
essentially confirm the results of Takiguchi et al. 
[15]. 
As the ionic strength approached 67 mM, actin 
filaments began to exhibit a 'wiggly' character; seg- 
ments of the filament dissociated from the surface 
and, driven by thermal motion, wiggled in solution as 
the filament was sliding. Further, different points 
along the filament did not follow along the same 
path. While sliding movement was essentially abol- 
ished at and above a critical ionic strength of 77 mM, 
wiggling was still present. Actin filaments remained 
focally attached to the myosin-coated surface at ap- 
parently fixed points. Further increase in ionic 
strength reduced the number of attachment points. At 
137 mM, attachment points became so sparse that 
most actin filaments no longer remained attached to 
the myosin-coated surface, and floated into solution. 
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Fig. 1. Actin-filament velocity as a function of ionic strength 
using skeletal (a) and cardiac (b) myosin. The drop in velocity to 
the point where linear movement is abolished occurs at a lower 
ionic strength (57 mM) in case of cardiac myosin than in case of 
skeletal (77 mM). These are the critical ionic strengths in defini- 
tion used in this paper. Notice that this is not the ionic strength 
when the velocity begins to fall, but rather that when no further 
obvious translational movement can be seen. 
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Fig. 2. Wiggling of actin filaments above the critical ionic 
strength. This is a representative experiment using cardiac myosin 
at an ionic strength of 67 mM and ATP concentration of 1 mM. 
The figure shows a stroboscopic image containing a sequence of 
five images separated by 0.3 s. Scale bar = 5 /~m. 
raM. At and above the critical ionic strength of 57 
raM, wiggling continued, but sliding movement was 
abolished (Fig. 2). Upon further increase of ionic 
strength, wiggling persisted. At 137 raM, actin fila- 
ments were no longer bound to the myosin-coated 
surface, but diffused into the solution. 
ments continued to move at lower rates. This obser- 
vation confirms our earlier result [19]. At or above 
the critical ionic strength, the result was different and 
surprising. Upon reduction of ATP concentration, the 
initially non-sliding, wiggling actin filaments started 
to slide (Fig. 3). Thus, while sliding movement at or 
above the 77 mM ionic strength was essentially 
absent at 1 mM ATP, reducing the ATP concentra- 
tion to 7.4/~M promptly initiated filament movement 
(Fig. 4a). In the range of 77-  117 mM ionic strength, 
reduction of ATP level from 1 mM to 7.4 /~M 
produced a 2-20-fold increase in filament velocity. 
Further reduction of ATP concentration resulted in a 
decrease of velocity; however, even at 573 nM ATP, 
velocity of filament ranslation was similar to the one 
at 1 mM ATP. The initiation of sliding movement by 
the reduction of ATP level was accompanied by the 
disappearance of obvious wiggling. 
When cardiac myosin was used instead of skeletal, 
we obtained similar results; the only difference was 
in the value of the critical ionic strength. Below the 
critical ionic strength (57 raM), wash-out of ATP 
resulted in slowing down of the actin filaments, but 
the filaments continued to move. At or above the 
critical ionic strength, where sliding movement was 
absent, the reduction of the ATP concentration in- 
3.2. Effect of ATP concentration on filament sliding 
and wiggling 
To examine the combined effect of ATP and ionic 
strength, we reduced the ATP concentration from 1 
mM at each of a series of ionic strengths. The 
ATP-reduction procedure consisted of washing the 
sample chamber with rigor solution. As we had ear- 
lier established [19], the first rigor-solution wash 
reduces ATP concentration from 1 mM down to 7.4 
/~M, the second wash to 573 nM, and the third to 135 
nM. (Further decrease of ATP concentration was 
avoided in the present work to alleviate technical 
difficulties with measuring extremely slow velocities 
supported by cardiac myosin.) Thus, by successive 
rigor-solution washes we achieved successive reduc- 
tions of ATP concentration. 
Below the critical 77 mM ionic strength, in the 
case of skeletal myosin, the reduction of ATP con- 
centration did not halt actin-filament motion; fila- 
Fig. 3. Translational movement of actin filaments initiated by 
washout of ATP. The figure shows a stroboscopic image contain- 
ing a sequence of five images separated by 0.3 s. The image 
sequence was recorded using cardiac myosin at an ionic strength 
of 67 raM, after reducing the free ATP concentration from 1 mM 
to 135 nM. Scale bar = 5 /~m. 
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3.3. Characteristics of the wiggling 
In an attempt o relate the results to the degree of 
actomyosin dissociation, we characterized filament 
wiggling. Unattached, wiggling actin-filament seg- 
ments represent parts of the filament dissociated from 
myosin, going through thermally driven bending mo- 
tions [25]. The mean length of these segments is 
proportional to the amount of actin dissociated from 
myosin. Therefore, by measuring the mean length of 
the wiggling segments, we can estimate the degree of 
actomyosin dissociation. Measurements were carried 
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Fig. 4. Effect of reduction of ATP concentration on in vitro 
actin-filament velocity using skeletal (a) and cardiac (b) myosin. 
The ATP concentration was reduced by successive rigor-solution 
washes (see Section 2). The data in the figure include measure- 
ments above the critical ionic strength for both skeletal and 
cardiac myosin. In the case of cardiac myosin at ionic strengths 
above 77 mM, translational movement could not be initiated even 
with three rigor-solution washes (resulting in an ATP concentra- 
tion of 135 riM). 
duced actin-filament movement, just as in the case of 
skeletal myosin (Fig. 4b). 
The effect of ATP removal was completely re- 
versible in the cases of both skeletal and cardiac 
myosin. When 1 mM ATP was added again, actin- 
filament sliding movement stopped and wiggling 
promptly began. 
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Fig. 5. Average length of wiggling actin-filament segments as a 
function of ionic strength (a) and ATP concentration (b). Ionic 
strength-dependent ata was fit with a logarithmic function [f(x) 
= 18.287 log(x)- 30.393, r 2 = 0.99231 ]. AYP-Dependent data 
was fit with spline function. ATP concentration was reduced 
from 1 mM by successive rigor-solution washes (see Section 2). 
Error bars represent s andard eviation for n filaments. 
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out using cardiac myosin in the ionic-strength range 
of 47-97 mM and [ATP] in the range of 135 riM-1 
mM. Fig. 5a shows the mean wiggling-segment length 
as a function of ionic strength. The length increased 
with increasing ionic strength. The mean wiggling- 
filament length is projected to reach a plateau at 
around 130 mM where the mean length of wiggling 
segments reaches the mean full length of the fila- 
ments (8.4 /zm _+ 2.7, S.D.). We also measured the 
mean wiggling-segment length after reducing the ATP 
concentration by the rigor-solution wash series. Fig. 
5b shows that as the ATP concentration was reduced, 
wiggling-segment length was likewise reduced. Al- 
though there is an overall decrease of mean 
wiggling-segment length with decreasing ATP con- 
centration, a local maximum is present at micromolar 
levels of ATP. 
4. Discussion 
In this work, we have shown that ATP concentra- 
tion and ionic strength ave a concerted effect on the 
motility of actin filaments. The results were obtained 
in a series of in vitro assay experiments at different 
ionic strengths, by reducing the free ATP concentra- 
tion from one millimolar down to the order of 100 
nanomolar. 
4.1. Effect of ionic strength on motility and acto- 
myosin interaction 
The velocity of actin filaments increased with 
increasing ionic strength. Then the velocity fell away 
sharply, and all translational movement ceased at a 
critical ionic strength (77 mM for skeletal and 57 
mM for cardiac myosin). At or above this critical 
ionic strength, actin filaments were no longer sliding, 
but either dissociated from the myosin-coated surface 
or wiggled while remaining focally attached to the 
surface. Increase in in vitro sliding velocity as a 
function of ionic strength as been observed in previ- 
ous studies [13-15]. Upon the addition of methylcel- 
lulose to the in vitro assay, the dissociation of actin 
filaments from myosin can be prevented [13,16]. In 
the presence of methylcellulose, a further increase in 
velocity is observed with increasing ionic strength to 
about 100 mM, where velocity reaches a plateau [13]. 
Thus, velocity increases with increasing ionic strength 
below 100 mM. Although such relationship between 
ionic strength and velocity has been noted by differ- 
ent investigators previously, its mechanism remains 
to be explained. One possibility is that the number of 
weakly bound cross-bridges [26], which impose a 
retardant force on the sliding actin filaments, de- 
creases upon raising the ionic strength. Although this 
possibility is not excluded, previous observations [13] 
argue against his mechanism. Another possibility is 
that increase in ionic strength increases the rate of 
ATP binding to the actomyosin (AM) state and/or 
increase the rate of ADP release from AM.ADP [27], 
although our ATP-washout experiments do not seem 
to support his idea. Finally, an electrostatic mecha- 
nism might underlie the ionic-strength response of in 
vitro velocity. Indeed, there is a striking similarity 
between the ionic-strength dependence of velocity (in 
the presence of methylcellulose, [13]) and the ionic- 
strength dependence of myosin's electric charge (Fig. 
2 in Bartels et al. [10]). Both increase with ionic 
strength until 100 mM where both reach a plateau. 
Thus, the net charge of the myosin molecule seems to 
profoundly affect the velocity of in vitro motility. 
The observation points to the significance lectro- 
static interactions in the molecular events leading to 
in vitro motility. 
Increase in ionic strength leads not only to a faster 
sliding but also to a reduced association between 
actin and myosin. In the in vitro motility assay, above 
the critical ionic strength (in the absence of methyl- 
cellulose) and in the presence of 1 mM ATP, actin 
filaments dissociate from the myosin-coated surface. 
Our observations point to an increasing degree of 
actomyosin dissociation upon increasing ionic 
strength as evidenced by the increase in the mean 
length of the wiggling actin-filament segments (see 
Fig. 5a). Conceivably, with increasing ionic strength 
the force holding actin and myosin together decreases 
to a point where the Brownian movement of the 
filament overcomes it, resulting in actomyosin disso- 
ciation. As noted above, the electric charge of the 
myosin molecule increases as a function of ionic 
strength. Thus, the ionic-strength dependence of acto- 
myosin interaction points to the significance of 
myosin's electric harge in holding the two molecules 
together. Raising the ionic strength above 100 mM, 
however, does not result in further increase of 
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myosin's charge [10], while we observed a continuing 
increase of actin-filament dissociation (up to about 
130 raM) from the myosin-coated surface. Possibly, 
mechanisms other than myosin's charge also con- 
tribute to actomyosin i teraction. 
4.2. Effect of ATP o17 motilio' and actomyosin inter- 
action 
Upon the addition of 1 mM ATP to actomyosin, in
the presence of ionic strength above critical (77 mM 
for skeletal and 57 mM for cardiac myosin), actin 
filaments stopped sliding and partially dissociated 
from the myosin-coated surface. The partial dissocia- 
tion resulted in segments of the actin filaments wig- 
gling in solution. The mean length of these segments 
increased with increasing ATP concentration (see 
Fig. 5b) in such a way that there was a local maxi- 
mum in the micromolar ATP concentration range. 
Upon raising the ATP concentration from submicro- 
molar to micromolar, there is a sharp increase in the 
extent of actomyosin dissociation, followed by a 
transient decrease. Upon increasing ATP concentra- 
tion further, the extent of actomyosin dissociation is 
further increased. Addition of ATP to myosin has 
been shown to affect myosin's charge [10] in a 
manner qualitatively similar to that described for 
actomyosin dissociation here. At micromolar ATP 
concentrations, a local maximum of myosin electric 
charge is observed [10]. Increasing ATP to 10 /.tM 
results in a sharp decrease in the charge of the 
myosin molecule. Increasing the ATP concentration 
further, to millimolar levels, results in a moderate 
increase of myosin's electric charge. Thus, the ATP- 
dependent changes in the extent of actomyosin disso- 
ciation correlate with the changes in myosin's electric 
charge. The transient decrease in the extent of acto- 
myosin dissociation at micromolar ATP concentra- 
tions might explain the observations of Reuben et al. 
[28] who reported that in skinned single muscle fibers 
under isometric and low-Ca 2+ conditions there is a 
tension peak at 2 #M free ATP. Upon further in- 
crease in ATP, the muscle relaxes. Such tension 
response to changes in ATP concentration might be 
explained by the change in actomyosin interaction 
driven by the ATP-dependent changes in myosin's 
charge. 
Although the sliding movement was abolished 
above the critical ionic strength, motility could be 
rescued by simply reducing the free ATP concentra- 
tion. The initially stationary, wiggling actin filaments 
then started to slide over the myosin-coated surface. 
This effect was more difficult to evoke as the ionic 
strength was increased further. In the case of cardiac 
myosin, for example, at an ionic strength almost 
twice as high as the critical value, sliding movement 
could be evoked only by a very extensive reduction 
of the free ATP concentration; movement started as 
the ATP level fell to 135 nM. Thus, higher-than-ex- 
pected velocities could be observed at submicromolar 
ATP levels, if the ionic strength was above critical. 
Possibly, the increased repellent force between actin 
and myosin due to the high ionic strength results in 
the facilitation of sliding in spite of the low ATP 
concentration. 
4.3. Comparison of cardiac and skeletal myosins 
The critical ionic strength for skeletal and cardiac 
myosin was found to be different. In the case of 
skeletal myosin, the critical ionic strength was 77 
raM, while it was only 57 mM when cardiac myosin 
was used. The lower critical ionic strength for cardiac 
myosin is associated with a lower specific ATPase 
activity and slower in vitro motility than those for 
skeletal myosin. The low ATPase activity of cardiac 
myosin could in theory explain the slow sliding 
velocity in the in vitro assay. However, the difference 
between the critical ionic strengths of skeletal and 
cardiac myosins still remains to be explained. Possi- 
bly, the surface-charge topography of cardiac myosin 
is significantly different from that of skeletal myosin, 
and might account for the difference. 
In summary, the combined effects of ATP and 
ionic strength on in vitro actin motility and acto- 
myosin dissociation were studied. Our observations 
correlate with previously reported, ATP- and ionic 
strength-dependent changes in myosin's charge. The 
results emphasize the role of electrostatic contribu- 
tions to the mechanisms of muscle contraction. 
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